Conserved tryptophan-187 facilitates homodimerization of the influenza A virus NS1 protein effector domain. We generated a mutant influenza virus strain expressing NS1-W187R to destabilize this self-interaction. NS1-W187R protein exhibited lower double-stranded RNA (dsRNA)-binding activity, showed a temporal redistribution during infection, and was minimally compromised for interferon antagonism. The mutant virus replicated similarly to the wild type in vitro, but it was slightly attenuated for replication in mice, causing notably reduced morbidity and mortality. These data suggest biological relevance for the W187-mediated homotypic interaction of NS1.
I
nfluenza A virus NS1 is a multifunctional protein consisting primarily of a double-stranded RNA (dsRNA)-binding domain (RBD) and effector domain (ED) (10) . NS1 acts at multiple levels to antagonize host interferon (IFN) responses, most notably by inhibiting the RIG-I/TRIM25 signaling axis (7) , inhibiting posttranscriptional processing of host-cell mRNAs (including IFN-␤) (19) , and directly limiting function of the dsRNA-activated antiviral effectors protein kinase R (PKR) and 2=-5=-oligo(A) synthetase (2=-5=-OAS) (2, 14, 18) . The mechanisms underpinning NS1 multifunctionality are not fully understood, although multiple NS1 quaternary conformations promoted by weak, transient, homotypic interactions may provide one structural route to achieve and regulate such extensive functionality (12) . Here, we extend earlier studies that focused on biochemical and structural characterization of the major homotypic conformer of the NS1 ED, namely, a weak helix-helix dimer mediated by the highly conserved tryptophan-187 (W187) (1, 9, 12, 23, 24) (Fig. 1A) . We provide evidence that ability to form this dimer is important for both the dsRNA-binding activity of full-length NS1 and its temporal distribution within the infected cell. We also report that the ability of NS1 to form a W187-mediated oligomer plays a role in virus replication and virulence in vivo.
In the context of an influenza A virus genome, tryptophan to arginine is the only amino acid substitution that can be made at position 187 of NS1 (W187R) without altering the overlapping NEP/NS2 open reading frame (ORF) (Fig. 1B) . This specific mutation in the A/Udorn/72 (Ud) NS1 has been shown to abrogate ED dimerization (1) . Here, we used the mouse-lethal A/Puerto Rico 8/34 (PR8) strain both to allow in vivo experiments and to negate the impact of mutation of W187 on the cellular pre-mRNA processing inhibition ability of NS1, which is inherently lacking in the NS1 of PR8 and many other strains (11, 13, 21) . Consistent with previous studies implicating the NS1 ED helix-helix dimer in RBD function (1, 12) , poly(I·C) pulldown assays confirmed that the W187R mutation reduces dsRNA binding by NS1 (Fig. 1C) . As controls, wild-type (WT) NS1 bound efficiently to poly(I·C), while no binding was observed for the dsRNA-binding-incompetent R38A mutant (12, 22) . Although we noted that the effect of W187R on poly(I·C) binding was not as striking as that of a previously reported mutation (W187A) ((12; data not shown), our observation confirms that ED dimerization contributes to the overall affinity of full-length NS1 for dsRNA, which probably only occurs efficiently via cooperative binding of NS1 multimers (1, 3) .
Using reverse genetics (6), we generated recombinant WT and NS1-W187R viruses. The two viruses (rPR8 WT and rPR8 NS1-W187R) (Fig. 1B) were plaque purified, and stocks were grown and titrated in MDCK cells. RNA was extracted from stock aliquots, and the NS genomic segment of each virus was sequenced to ensure integrity and the absence of additional mutations. Immunofluorescence studies of virus-infected MDCK cells revealed a distinct distribution pattern for the NS1-W187R mutant compared with WT NS1: while WT NS1 was predominantly nuclear at 8 and 12 h postinfection (88% and 94% of cells counted, respectively), NS1-W187R seemed to be partially excluded from the nucleus at 8 h (predominantly nuclear in only 4% of cells counted) and overall was more evenly distributed between the nucleus and cytoplasm at both 8 and 12 h (with 21% and 53% of cells counted at these respective time points showing similar amounts of nuclear/cytoplasmic staining) ( Fig. 2A) . At 24 h postinfection, the localizations of both WT NS1 and NS1-W187R were largely indistinguishable from one another, with the majority of all infected cells showing predominantly cytoplasmic NS1 staining ( Fig. 2A) . Western blot analysis of virus-infected MDCK cells confirmed that these observations were not due to different expression levels of the two NS1 proteins and also showed that another viral protein (NP) is similarly expressed by the two viruses (Fig. 2B) , indicating that the W187R mutation does not affect any role of NS1 in regulating viral protein synthesis (16) . We also assessed ability of the two viruses to repress IFN-␤ production during infection using an MDCK cell line stably expressing firefly luciferase (FF-Luc) under the control of the IFN-␤ promoter. At 16 h postinfection, both rPR8 WT and rPR8 NS1-W187R induced the IFN-␤ promoter to similar levels (2.5 Ϯ 0.4-fold versus 4.4 Ϯ 1.4-fold compared to mock infected, respectively; P ϭ 0.095). In contrast, rPR8⌬NS1, which completely lacks the NS1 ORF (8) , stimulated the reporter 300 Ϯ 25.8-fold. At 24 h postinfection, rPR8 WT-infected samples showed an ϳ7-fold induction of the reporter compared to mock infected, while infection with rPR8 NS1-W187R stimulated the reporter ϳ21-fold, and rPR8⌬NS1 stimulated the reporter Ͼ365-fold (Fig. 2C) . This suggests only a mild, although statistically significant (P ϭ 0.020), impact of W187 in allowing NS1 to counteract induction of IFN-␤ during the later stages of influenza A virus infection, which correlates with its inefficient dsRNA-binding capability. Surprisingly, despite the striking differences in NS1 localization during infection and the small effect on IFN-␤ induction, in vitro growth kinetics revealed no apparent differences in replication between rPR8 WT and rPR8 NS1-W187R in MDCK cells (Fig. 2D) or human lung A549 cells (data not shown). These data indicate that disruption of the ED helix-helix dimer affects the temporal regulation of NS1 localization during infection, possibly as an indirect consequence of loss of function (e.g., dsRNA binding) or by altering the availability of the NS1 nuclear export signal (15), but does not detectably have an impact on virus replication in tissue culture.
To assess the contribution of NS1 ED dimerization to influenza A virus pathogenicity and replication in vivo, we intranasally infected ketamine-xylazine-anesthetized 6-to 8-week-old C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME) with 32 PFU of each virus (10 mice/group) and monitored body weight changes for 14 days. All procedures were performed in accordance with the Institutional Animal Care and Use Committee guidelines of Mount Sinai School of Medicine, and animals showing more than 25% weight loss were considered to have reached the experimental endpoint and were humanely euthanized. In contrast to the results in vitro, the NS1-W187R mutation attenuated the virus in mice, resulting in only 20% mortality compared to the 100% mortality caused by WT virus (Fig. 3A) . Furthermore, the rPR8 NS1-W187R virus-infected mice exhibited less morbidity (as determined by weight loss) than mice infected with WT (Fig. 3B) . To assess replication, mice were intranasally infected with 1,250 PFU of each virus and lungs were excised on days 2 and 4 postinfection. Following homogenization and centrifugation (10,000 ϫ g, 5 min, 4°C), the resulting supernatants were used to determine viral titer. As shown in Fig. 3C , rPR8 NS1-W187R replicated to titers significantly lower than those of rPR8 WT at day 2 postinfection (ϳ5-fold; P ϭ 0.018). At day 4 postinfection, rPR8 NS1-W187R titers were only ϳ2.5-fold lower than those of rPR8 WT (P ϭ 0.045). Herein, we have provided evidence to show that homotypic interaction of the influenza A virus NS1 protein ED contributes subtly to replication and virulence. Disruption of the ability to form this weak ED helix-helix dimerization interface impacts the dsRNA-binding function of the full-length protein and impairs the correct trafficking of NS1 during infection. We speculate that this aspect of transient NS1 quaternary structure (leading to NS1 multimerization and cooperative binding to dsRNA) may therefore normally function to support antagonism of host dsRNAactivated antiviral proteins, such as RIG-I, PKR, and 2=-5=-OAS. As such, we note that efficient dsRNA binding by NS1 is critical for counteracting the function of RIG-I and 2=-5=-OAS (17, 18) , and it is therefore possible that W187-mediated ED dimerization contributes to antagonism of innate immunity. Indeed, rPR8 NS1-W187R virus induced slightly more IFN-␤ than rPR8 WT during infection. Our working model from structural data is that this NS1 ED helix-helix self-interaction is weak and transient (12) , forming only to contribute to NS1 functions that require dsRNA binding, while dissociating for other NS1 functions, such as CPSF30 binding.
Although both the W187R and W187A mutations disrupt NS1 ED dimerization (1, 9, 12, 24), we observed that W187R had a weaker impact on dsRNA-binding activity than W187A (data not shown). Thus, for W187R, it may be that replacement of the homodimer-forming tryptophan with an exposed basic arginine residue partially compensates functionally for the lack of NS1 multimerization by providing an artificial dsRNA-binding site analogous to that of the lysine/arginine-rich NS1 RNA-binding domain (4) . This limits phenotypic studies, as in the context of an infectious influenza A virus, arginine is the only permitted residue at position 187 that preserves integrity of the NEP/NS2 ORF. Future studies to dissect this caveat may therefore reveal a much greater biological impact of the highly conserved NS1 ED dimerization structural feature. Nevertheless, our present study provides the initial data to suggest biological relevance for the numerous structural and biophysical studies that have so far characterized NS1 ED helix-helix dimerization (1, 9, 12, 23, 24) . 
